The urokinase-type plasminogen activator receptor (uPAR) plays a central role in sustaining the malignant phenotype and promoting tumor metastasis. The Ser 88 -Arg-Ser-ArgTyr 92 is the minimum chemotactic sequence of uPAR required to induce the same intracellular signaling as its ligand uPA. Here, we describe the generation of new peptide inhibitors of cell migration and invasion derived from SRSRY by a drug design approach. Ac-Arg-Glu-Arg-Phe-NH 2 (i.e., RERF), which adopts a turned structure in solution, was selected for its ability to potently prevent SRSRY-directed cell migration. Fluorescein-RERF associates with very high affinity to RBL-2H3 rat basophilic leukemia cells expressing the human formyl peptide receptor (FPR). Accordingly, femtomolar concentrations of RERF prevent agonist-dependent internalization of FPR and inhibit N-formyl-Met-Leu-Phe-dependent migration in a dose-dependent manner. In the absence of FPR, fluorescein-RERF binds to cell surface at picomolar concentrations in an αv integrin-dependent manner. The involvement of vitronectin receptor is further supported by the findings that 100 pmol/L RERF selectively inhibits vitronectin-dependent RBL-2H3 cell migration and prevents SRSRY-triggered uPAR/αv association. Furthermore, RERF reduces the speed of wound closure and the extent of Matrigel invasion by human fibrosarcoma HT1080 cells without affecting cell proliferation. Finally, a 3-to 5-fold reduction of lung metastasis number and size in nude mice following i.v. injection of green fluorescent protein-expressing HT1080 cells in the presence of 3.32 mg/kg RERF is observed. Our findings indicate that RERF effectively prevents malignant cell invasion in vivo with no signs of toxicity and may represent a promising prototype drug for anticancer therapy.
Introduction
Consolidated evidence assigns a critical role to the urokinase-type plasminogen activator receptor (uPAR) in cancer cell growth, survival, invasion, and metastasis (1) (2) (3) (4) (5) . The uPAR potentiates cancer invasion and metastasis by focusing uPA-directed plasminogen activation to cell surface and by promoting cell survival and migration (1, 6) . In vivo, inhibition of uPAR function or expression reduces tumor metastases, suggesting that this receptor may be regarded as a new molecular target for anticancer therapy (3, 7) . Several approaches have been designed to disrupt uPAR interaction with uPA or integrins (8) (9) (10) .
uPAR is a three-domain (D1, D2, and D3) protein linked to the cell surface through a COOH-terminal glycosylphosphatidylinositol anchor (11) . Signaling occurs through the assembly of uPAR in composite regulatory units with transmembrane receptors, such as the formyl peptide receptor (FPR) and FPRL-1 G protein-coupled receptors, integrins, and the epidermal growth factor receptor (1, 2, (12) (13) (14) (15) (16) . In vivo cleavage of the glycosylphosphatidylinositol anchor yields a soluble form of uPAR, whose amount is significantly elevated in plasma from cancer patients (11, 17) .
Soluble uPAR crystal structure provides insights into receptor flexibility that enables its interaction with a variety of ligands by its external surface (18) (19) (20) . Receptor engagement with uPA favors the exposure of the chemotactic Ser 88 -Arg-Ser-Arg-Tyr 92 sequence included in a flexible linker connecting D1 and D2 domains (21, 22) . Remarkably, SRSRY synthetic peptide retains the chemotactic properties of uPAR (14) . SRSRY binds to the FPR and FPRL-1 G protein-coupled receptors (12) (13) (14) and specifically promotes cytoskeletal rearrangements and directional cell migration (13) . However, the conformation of SRSRY sequence in the uPA-unengaged uPAR and the conformational preferences of the SRSRY peptide are still unexplored. Recently, we developed synthetic peptides carrying specific amino acid substitutions along the SRSRY sequence and found that the Arg-Glu-Arg central core is relevant to the inhibition of the SRSRY-dependent cell migration (23) . Among the pentapeptides, pyroGluArg-Glu-Arg-Tyr-NH 2 (pERERY-NH 2 ) was found to inhibit cell migration in culture (23) . To investigate the structural requirements for this inhibitory effect, we analyzed the conformation of the peptides Arg-X 1 -Arg-X 2 (X 1 = Ser, Glu; X 2 = Tyr, Phe, Trp) using the Protein Data Bank (PDB) as a large ensemble of structures that may significantly represent the energy allowable conformations for a given amino acid sequence (24) . By this approach, we have designed the Ac-Arg-Glu-Arg-Phe-NH 2 tetrapeptide (i.e., RERF), which has a high propensity to adopt a turned structure in solution and inhibits SRSRY-dependent cell migration at a 500× to 1,000× lower concentration than pERERY-NH 2 . The novel peptide blocks FPR activity and αv-dependent cell migration at femtomolar concentrations. Remarkably, RERF prevents human fibrosarcoma HT1080 cell invasion in a mouse model of lung colonization, suggesting the development of RERF-based compounds as new anticancer agents.
Materials and Methods
Peptide Synthesis and Purification Peptides, synthesized by the solid-phase approach using standard Fmoc methodology in a manual reaction vessel, were purified by RP-HPLC-C18 column to a 99% purity (25) . Fluoresceinated RERF (FITC-RERF) was synthesized by the on-resin procedure using ε-aminocaproic acid as spacer. It retains the 97% of the inhibitory activity on cell migration. Molecular weights were confirmed by mass spectrometry.
Cell Cultures Human embryonic kidney HEK-293 and HEK-293/uPAR cells (26) , rat basophilic leukemia RBL-2H3 and RBL-2H3/ ETFR cells (27) , and human fibrosarcoma HT1080 cells were grown in DMEM-10% fetal bovine serum (FBS). Silencing of αv expression was done on 1 × 10 6 RBL-2H3 cells transfected either with control small interfering RNA (siRNA) or with 60 nmol/L 5′-CCAUAUGGUGGCGAAGAUA-3′ siRNA, a 19-nucleotide sequence corresponding to nucleotides 1393 to 1412 of αv (Sigma-Aldrich) as previously described (26), using HiPerFect transfection reagent (Qiagen). Transfectants were analyzed 48 h later. HT1080 transfectants stably expressing the green fluorescent protein (GFP) were obtained using pEGFP-N1 vector (Clontech) and FuGene6 transfection reagent (Roche). Twenty G418-resistant clones were screened by a fluorescence inverted microscope and by Western blot using anti-GFP polyclonal antibody (BD Biosciences). Clone 19 expressing the highest levels of GFP was chosen for further studies.
Migration and Invasion Assays Chemotaxis assays were done in Boyden chambers using 8-μm pore size filters at 37°C, 5% CO 2 (13) . Briefly, 1 × 10 5 viable cells suspended in serum-free DMEM were allowed to migrate for 4 h toward DMEM containing the indicated effectors. For invasion assays, filters were coated with 70 μg/mL Matrigel (BD Biosciences), and 3 × 10 4 cells per chamber were allowed to migrate toward DMEM-10% FBS with or without the indicated peptides for 18 h (28). At the end of both assays, cells on the lower filter surface were fixed and stained with hematoxylin and 10 random fields per filter were counted at ×200 magnification.
Coimmunoprecipitation of αv/uPAR Complexes HEK-293/uPAR cells were lysed in radioimmunoprecipitation assay buffer and 400 μg/sample were incubated overnight at 4°C with 5 μg/mL VNR147 anti-αv monoclonal antibody (mAb; Chemicon) as described (13, 26) . Proteins copurified with αv were recovered by protein G-Sepharose and analyzed by a 10% SDS-PAGE followed by Western blot with 2 μg/mL R4 anti-uPAR mAb or 1 μg/mL antiαv antibody (Chemicon).
Association of Biotinylated D288-183 uPAR to Cell Surface Recombinant D288-183 (5 μg; Calbiochem) was biotinylated using the Amersham kit (GE Healthcare). Cells were exposed to 100 nmol/L biotin-D288-183 in DMEM-1% bovine serum albumin for 2 h at 4°C, and surface-associated proteins were recovered by acidic treatment (29) .
Fluorescence Microscopy Cytoskeleton was analyzed on suspended HEK-293 cells, as previously described (13) . For the N-formyl-Met-Leu-Phe (fMLF) internalization experiments, cells were grown adherent on glass slides, incubated with the indicated effectors for 30 min at 37°C, and then exposed to 10 nmol/L N-formylNle-Leu-Phe-Nle-Tyr-Lys-fluorescein (Molecular Probes) for additional 30 min at 37°C (30) . Cells were visualized using a Zeiss 510META-LSM microscope, and z-series with 0.5-μm intervals were collected.
Binding Assays Cells grown adherent on glass slides were incubated with the indicated effectors or anti-vitronectin receptor (VnR) antibodies (5 μg/mL; Chemicon) in DMEM-1 mg/mL bovine serum albumin for 60 min at 4°C and then exposed to FITC-RERF for 60 min at 4°C. Cells transfected with siRNAs were analyzed in suspension for binding to FITC-RERF or anti-VnR antibodies for 60 min at 4°C. Quantitative image analysis was done using a LMS510 Zeiss confocal microscope on 100 cells per sample with the Axiovision 4.4 software (Carl Zeiss). Hill's equation (31) for two independent binding sites is y = (100 + a·x / kd1) / (1 + x / kd1) + (a + b·x / kd2) / (1 + x / kd2) − a, where kd1 and kd2 are the apparent dissociation constants, a is the value of y at saturation of the first site, and b is the value of y at saturation of the second site. Hill's slope was fixed to 1. Hill's equation for one binding site is [100
, where kd is the apparent dissociation constant, a is the value of y at saturation, and Hill's slope (b) was 0.24. Experimental points were fitted to the above equations by using a standard least-square procedure.
Wound-Healing Assay
Confluent HT1080 cells in a 24-multiwell plate were wounded with a sterile pipette tip and exposed to 10% FBS-DMEM with or without 100 pmol/L RERF. Plates were kept at 37°C in a 5% CO 2 of a Zeiss inverted microscope equipped with a motorized stage. One field that includes the scratched path from each dish was selected and scanned sequentially every 15 min for 20 h.
Proliferation Assay HT1080 cells (1.5 × 10 3 per well) were grown in 96-multiwell flat-bottomed plates in 10% FBS-DMEM in the presence of 10 μmol/L RERF or diluents. At the indicated times, suspended cells were removed and the adherent cells were stained with MTT dye (Sigma-Aldrich) for 4 h at 37°C as described (32) .
Lung Colonization Model Twenty 6-to 8-wk-old CD1 female nude mice of 23 to 25 g were maintained in a germ-free environment. Housing and handling of mice were in accordance with institutional guidelines complying with national and international laws and policies. All mice received an injection of GFPtagged HT1080 as a single-cell suspension (2.5 × 10 6 cells in 100 μL of sterile PBS, 97% viability) in the tail vein. After 24 h, the animals were randomized into two groups. Ten animals received every 48 h i.v. injections of 100 μL PBS containing 3.32 mg/kg RERF per mouse and 10 animals received injections of 100 μL PBS. After 22 d, mice were weighted and sacrificed by cervical dislocation. Lungs were removed, sectioned, and fixed in buffered 4% formaldehyde and examined blindly. The number of lung metastases was assessed in three H&E-stained sections per mouse and expressed as mean metastases number/mm 2 . The extent of normal and tumor lung parenchyma was measured in three fields per sample on H&E-stained sections. Area of lung metastasis was assessed using the Axiovision 4.4 software. Right lower lobe from each lung was lysed as described (15) , and 50 μg proteins/sample were analyzed by Western blot using 1 μg/mL anti-GFP antibody or 1 μg/mL anti-α-tubulin mAb (Sigma-Aldrich). Densitometry was done by NIH Image 1.62 software (Bethesda, MD). For histologic and GFP expression data, statistical analysis was done using the Student's t test. Differences were considered statistically significant if P < 0.05.
Results
Conformational Preferences of the Arg-X 1 -Arg-X 2 Sequence
To investigate the conformational preferences of the Arg-X 1 -Arg-X 2 sequence (X 1 : any amino acid; X 2 : Tyr, Phe, Trp), we searched in the PDB (24) for the most frequently observed conformations of the sequence Arg-X 1 -Arg-X 2 . The database included 406 protein structures (Supplementary Data) solved by X-ray crystallography, at a resolution of 2.8 Å or better, and with a sequence identity cutoff up to 50%. In the case of proteins having multiple chains with the same sequence, only one chain was considered. α-Turns are defined as reported in reference (33) . β-Extended and β-turn conformation are defined as previously reported (34) . According to Ramakrishnan and Nataraj (35), 42.3% of the structures are α-turned, 42.4% are β-extended, and 15.3% are irregular (mixed β-extended and β-turned; ref. 34 ).
Fig . 1A shows the percentage of Arg-X 1 -Arg-X 2 sequences with α-turned or β-extended conformation for each amino acid at the X 1 position. Ser is present in 26 structures with an about equal distribution among the three different classes of conformations. This suggests that Arg-Ser-Arg-Tyr could be accommodated either in an α-turned or β-extended conformation. Instead, Glu is observed 26 times (of 33 cases) in an α-turn conformation (78.6%, quite above the average value of 42.3%) followed by Lys and Gln. Trp, Pro, and Val are mainly observed in the β-extended conformation. Cys is observed in α-turn conformation in two of three structures only. These findings allowed us to conclude that the Arg-Glu-Arg-X 2 sequence might be the best candidate to obtain a compact turned structure. Figure 1B and C depicts the superposition of the β-extended (Fig. 1B ) and α-turned ( Fig. 1C ) structures of Arg-Ser-Arg-Tyr sequences as found in the PDB. Figure 1D depicts the superposition of the α-turned structure in Arg-Glu-Arg-Tyr sequences. The α-turned structure has the following characteristics: an aromatic residue is spatially flanked by two basic residues (Arg), and a Glu residue is opposite to the aromatic residue. Overall, these theoretical findings prompted us to examine the biological properties of RERX 2 peptides (X 2 : Tyr, Phe, Trp). Furthermore, to avoid the perturbing effects of the end charges on the conformational preferences, we synthesized NH 2 -terminal acetylated and COOH-terminal amidated RERW, RERY, and RERF peptides.
Effects of RERW, RERY, and RERF on SRSRY-Directed Cell Migration
The effects on cell migration of RERW, RERY, and RERF were evaluated by conventional Boyden chamber assays using HEK-293 cells, which do not express uPAR and respond to SRSRY motogen stimulus (13) . Unlike RERY, RERW and RERF at 1 μmol/L concentration significantly reduced basal cell migration, although to a different extent (75% and 57% of the random cell migration, respectively). In combination with 10 nmol/L SRSRY, equimolar concentrations of RERW, RERY, and RERF reduced SRSRY-dependent cell migration by 59%, 49%, and 45%, respectively, whereas the control peptide ARARY was ineffective. RERF exerted the strongest inhibition and was further characterized for its conformational preferences and biological activity.
Nuclear Magnetic Resonance Structure of RERF We investigated the conformational preferences of RERF in water and in water/trifluoroethanol by circular dichroism and nuclear magnetic resonance spectroscopy (RERF conformational preferences; Supplementary Tables S1 and S2; Supplementary Figs. S1-S3). RERF, although displaying some conformational flexibility, preferentially adopts an α-turn (type I-α RS ; ref. 35 ) in both solvent systems (Fig. 1E) . This conformation is similar to that observed for the α-turned structures found in our subset of the PDB (compare Fig. 1E with Fig. 1C and D) .
RERF Is an Antagonist of SRSRY Activity
Our previous work allowed the identification of the peptide pERERY-NH 2 , inhibiting cell migration in culture (23) . Both RERF and pERERY-NH 2 inhibited SRSRY-induced HEK-293 cell migration in a dose-dependent manner ( Fig. 2A) . Remarkably, the effect of RERF starts in the attomolar concentration range, reaching an overall 75% inhibition above 10 nmol/L. In addition, the IC 50 of RERF seems to be 500-to 1,000-fold lower compared with pERERY-NH 2 . According to our previous evidence, SRSRY-treated HEK-293 cells exhibit F-actin filamentous structures localized in polarized regions (13) . Although RERF alone did not affect cytoskeleton, cell preincubation with RERF prevented SRSRY-triggered actin polymerization (Fig. 2B) .
To test whether RERF may prevent uPAR/VnR association and subsequent SRSRY-dependent signaling (13), RERF-treated HEK-293/uPAR cells were exposed to 10 nmol/L SRSRY and the lysates were immunoprecipitated with anti-αv antibody. The amount of uPAR copurified with αv chain was revealed by Western blot. As shown in Fig. 2C , RERF did not appreciably affect the basal uPAR/αv physical association but consistently decreased the amount of uPAR copurified with αv chain in cells exposed to SRSRY. These findings suggest that RERF may inhibit SRSRY-dependent migration and cytoskeletal rearrangements by preventing uPAR/integrin association.
High-Affinity Binding and Regulation of FPR by RERF To identify the membrane component/s mediating the inhibitory effect of RERF, we tested whether RERF binds to the FPR, which specifically associates with SRSRY (13). HEK-293 cells were preincubated with an excess unlabeled D288-183 uPAR fragment, SRSRY, RERF, or ARARY, and then exposed to biotinylated D288-183. Acid-eluted biotinylated proteins were analyzed for the biotin content. As shown in Fig. 2D , all effectors, except ARARY, prevent cell association of biotinylated D288-183 to a similar extent, suggesting that SRSRY and RERF share the same surface binding site.
To test whether RERF binds directly to FPR, we used RBL-2H3/ETFR cells that stably express FPR (23) . RBL-2H3/ETFR cells were preincubated at 4°C (to avoid internalization) with the indicated concentrations of fMLF, ARARY, or the scrambled peptide ERFR and then exposed to different concentrations of FITC-RERF at 4°C. Cell exposed to 100 fmol/L or 100 pmol/L of FITC-RERF showed a clear-cut punctuated pattern. A concentration of FITC-RERF as low as 100 fmol/L was still effective for staining cells (Fig. 3A) . Decoration with 100 pmol/L FITC-RERF was strongly reduced by preincubation with fMLF but ARARY or ERFR (Fig. 3A) . Remarkably, 10 fmol/L unlabeled RERF decreases cell-associated FITC-RERF by 50%, and maximal reduction is reached at 10 pmol/L unlabeled RERF (Fig. 3B) . The experimental points could well be fitted (R = 0.994) with two independent binding site Hill's equation, with Kd app s of 8 ± 1.6 × 10 −17 mol/L and 2.2 ± 2 × 10 −9 mol/L (Fig. 3B) , suggesting the occurrence of two binding sites.
FPRs are internalized in response to agonist stimulation, this process being a prerequisite for receptor activation 
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Mol Cancer Ther 2009;8(9). September 2009 (30, 36) . We evaluated the effect of RERF on agonist-dependent FPR internalization on RBL-2H3/ETFR cells. The cells were preincubated at 37°C with fMLF, ARARY, or increasing concentration of RERF and then exposed to N-formylNle-Leu-Phe-Nle-Tyr-Lys-fluorescein. As expected, on cell exposure to the fluorescent agonist at 37°C, FPR seemed mainly internalized as indicated by green fluorescent intracytoplasmic spots that were prevented by the use of nonfluorescent fMLF (Fig. 3C) . These results were further confirmed by z-stack analysis of confocal images (Supplementary Image to Fig. 3C ). Unlike ARARY, 1 fmol/L, 1 pmol/L, or 1 nmol/L of RERF prevented agonist internalization (Fig. 3C) . These results indicate that RERF interferes with FPR biological activity either by inducing FPR internalization or by blocking agonist-FPR interaction.
Furthermore, migration of RBL-2H3/ETFR cells toward fMLF is strongly inhibited by RERF (Fig. 3D) . Consistently with competition binding assays with FITC-RERF (Fig. 3B) , inhibition by RERF starts in the attomolar range, an overall 72% inhibition being observed above 1 to 10 nmol/L RERF.
In conclusion, these experiments show that femtomolar concentrations of RERF specifically associate to an FPRexpressing cell line and inhibit fMLF-dependent FPR internalization and migration.
Involvement of VnR in the Inhibitory Activity of RERF
The possibility that two sites are involved in binding of RERF to cell surface was studied in RBL-2H3 cells lacking FPR. We reasoned that if these cells bear a low-affinity binding site for RERF, they may be stained by higher concentrations of FITC-RERF. Unlike RBL-2H3/ETFR cells, RBL-2H3 cells were unreactive to 100 amol/L or 100 fmol/L of FITC-RERF. The FPR-negative cells react only with FITC-RERF at a concentration of ≥100 pmol/L. The binding was specific as it was abrogated by unlabeled RERF but ARARY or ERFR (Fig. 4A) . Competition binding assays revealed that the experimental points could well be fitted with a single site Hill's equation (Kd app , 1.4 + 1 × 10 −13 mol/L; R = 0.994; Fig. 4B ), indicating the occurrence of a high-affinity binding site for RERF in the absence of FPR.
To explore the involvement of integrins as partners of RERF, we analyzed RBL-2H3 cell migration toward the following integrin ligands: 25 μg/mL vitronectin, 100 μg/mL fibronectin, 50 μg/mL laminin, or 50 μg/mL collagen. As shown in Fig. 4C , RERF did not prevent fibronectin-or laminin-dependent cell migration and slightly reduced collagen-directed migration. On the contrary, 1 nmol/L RERF caused a 45% reduction of vitronectin-directed migration, whereas 10 fmol/L RERF was ineffective (Fig. 4C ). In agreement with the competition binding assay (Fig. 4B) , inhibition by FITC-RERF starts in the picomolar range and reaches maximal inhibition in the nanomolar range (Fig. 4C) .
To test peptide binding to VnR, RBL-2H3 cells were incubated with 100 pmol/L FITC-RERF following preexposure to a panel of monoclonal or polyclonal antibodies recognizing αvβ3 or αvβ5 VnRs. Cell fluorescence was not reduced by blocking LM609 anti-αvβ3 or P1F6 anti-αvβ5 mAb(s), suggesting that the RGD integrin recognition site is not involved. Unlike anti-αv antibody recognizing integrin cytoplasmic domain (amino acids 1022-1034), anti-VnR antibodies and P3G8 anti-αv mAb strongly reduced surface-associated fluorescence (Fig. 4D) . To further test whether RERF binds to αv chain of the VnR, we reduced the αv expression in FPR lacking RBL-2H3 cells. Consequently, this silencing leads to the strong reduction of FITC-RERF binding to RBL-2H3 cells (Fig. 4D) . Taken together, these findings indicate that RERF interacts with αv chain of VnR, thereby preventing vitronectin-directed cell migration.
Inhibition of HT1080 Cell Migration and Invasion by RERF
The clear-cut ability of RERF to prevent HEK-293 and RBL-2H3 cell migration prompted us to test whether this inhibition extends to highly invasive human fibrosarcoma HT1080 cells (37) , expressing a considerable amount of VnR and migrating toward fMLF (15) . 7 First, we tested whether RERF prevents directional HT1080 cell migration in Boyden chamber assays. As shown in Fig. 5A , migration toward 10 nmol/L fMLF or 10% FBS was inhibited by RERF but ARARY or the scrambled ERFR. In both cases, inhibition starts at ∼1 fmol/L, 50% of maximal effect is reached in the femtomolar range, and 70% inhibition is observed above 10 nmol/L RERF (Fig. 5A ). Then, we tested whether RERF prevents HT1080 spreading in a wound-healing assay monitored for 20 hours by time-lapse videomicroscopy (attached movie). Wounds disappeared after 18 hours in the presence of 10% FBS and the addition of 100 pmol/L RERF strongly reduced the extent of wound repair. RERF caused a 1.8-fold reduction (1.23 versus 0.67 μm/min) in the cell speed during wound closure (Fig. 5B) . We also found that RERF inhibits HT1080 cell invasion in a dose-dependent manner. Inhibition starts in the femtomolar range, and it seems to level off in the nanomolar range and reaches an overall 55% reduction at 10 nmol/L (Fig. 5C) .
The effects on migration and invasion are not due to a reduced proliferation rate because 10 μmol/L RERF did not modify cell growth up to 96 hours (Fig. 5D) . The ability of RERF to prevent migration and invasion of malignant fibrosarcoma cells in culture suggests that it may counteract tumor spreading and metastasis in vivo. 
Inhibitory Effect of RERF on Lung Colonization by Fibrosarcoma Cells
To study the in vivo effect of RERF in a mouse lung colonization model, GFP-tagged HT1080 cells (2.5 × 10 6 ) were injected in the tail vein of 20 nude mice. The day after, 10 animals received, every 48 hours for 22 days, 3.32 mg/kg RERF and 10 received injections of vehicle only. Mice weight was monitored and time-dependent average weight increase showed that the animals survived the treatment schedule without changes in body weight (Fig. 6A) . In all cases, intraparenchymal and subpleural lung metastatic foci were observed (Fig. 6B) . Histologic analysis showed more numerous metastases in untreated versus RERF-treated mice. The mean number of lung metastases/mm 2 in RERF-treated and untreated mice was 40.4 and 15.3, respectively, with P < 0.001 (Fig. 6D) . Accordingly, morphometric analysis of lung metastatic foci revealed a mean neoplastic area significantly lower in RERF-treated than untreated mice (15.2% versus 42.5% of total section, respectively, with P < 0.001; Fig. 6D ). GFP quantitative analysis revealed that GFP content was 4-to 5-fold lower in RERF-treated than untreated mice (4.6 versus 21.1 of α-tubulin content, respectively, with P < 0.001; Fig. 6C and D) . A significant correlation between relative GFP expression levels and lung metastases areas (P < 0.0001) was also found (Fig. 6D) .
Although we cannot exclude that RERF could affect tumor growth in vivo, our findings indicate that RERF effectively prevents malignant cell lung colonization at low dosage. It is noteworthy that the animals do not show signs of toxicity, suggesting that RERF represents a promising prototype drug for anticancer therapy.
Discussion
By a drug design approach based on the conformational analysis of Ser 88 -Arg-Ser-Arg-Tyr 92 (SRSRY) chemotactic sequence of uPAR, we have developed a potent inhibitor of cell migration. The Ac-Arg-Glu-Arg-Phe-NH 2 (RERF) tetrapeptide displays a high propensity to adopt a turned structure in solution and is a potent inhibitor of in vitro and in vivo cell invasion of highly malignant human fibrosarcoma HT1080 cells.
By sequential substitution of single residues, we have previously dissected the SRSRY sequence and identified the core amino acids relevant to the motogen effect. We also generated the pentapeptide pERERY-NH 2 , which inhibits migration of cultured cells at picomolar concentrations (23) . Remarkably, the novel RERF peptide inhibits cell migration at a 500-to 1,000-fold lower concentration than pERERY-NH 2 (IC 50 ≈ 2 × 10 −11 mol/L). When administered in vivo, RERF is apparently well tolerated, as weights of mice injected with vehicle or vehicle containing RERF were comparable. Furthermore, liver, spleen, and kidneys did not show any morphologic evidence of organ toxicity (data not shown). In addition, we did not notice the occurrence of adverse side effects that might hamper the therapeutic potential of RERF. In culture, RERF prevents cell migration more effectively than invasion (75% versus 55% decrease; Fig. 5C ), suggesting that perhaps the enzymatic inhibition of plasminogen activators and metalloproteinases may further block in vivo tumor invasion (38) . Our results indicate that RERF does not affect animal growth but effectively prevents tumor cell dissemination, although we cannot ascertain how RERF exactly functions. It could affect lung dissemination by inhibiting extravasation and cell adhesion or by forcing tumor cells into dormancy.
Interestingly, RERF inhibition extends from the attomolar to the nanomolar concentration range, possibly reflecting the occurrence of multiple sites. In binding experiments, RERF associates with high affinity to FPR and competes with fMLF, suggesting that they share the same site. Alternatively, as the ligand binding pocket of FPR consists of several key residues located in different transmembrane helices (39) , RERF/FPR association may affect fMLF adjacent binding. Interestingly, RERF displays a higher affinity for FPR than fMLF, preventing agonist-dependent FPR internalization and migration at a concentration as low as 0.1 to 1 fmol/L.
Our data show that RERF selectively binds to the αv integrin subunit and inhibits vitronectin-dependent cell migration, whereas it does not affect collagen-, fibronectin-, and laminin-directed migration. Interestingly, αvβ5 modulates uPAR-dependent cell migration (15, 26) , and its activity is regulated by the SRSRY uPAR sequence via FPR (13) . Furthermore, whereas the "connecting peptide" region of uPA binds directly to αvβ5 integrin, thus conveying a motogen signaling, its phosphorylated form renders the protease an inhibitor of cell migration through αvβ5 (26, 40) .
X-ray studies show the flexibility of the uPAR domain organization, suggesting that unengaged uPAR may exist in a latent form and then may be subjected to a conformational change on ligand binding (41) . Our in silico studies suggest that the sequence Arg-Ser-Arg-Tyr could be accommodated in either an α-turned or β-extended conformation, raising the possibility that these different states may coexist in intact uPARs and regulate SRSRY chemotactic activity. According to this hypothesis, RERF would mimic the inhibitory α-turned conformation. However, these speculations need testing with the full receptor molecule. Our experimental approach holds a high potential to identify new protein-protein interactions and define important pathways in tumor invasion and metastasis. Although RERF has a high affinity and efficacy in cell culture and mouse, its therapeutic potential remains to be ascertained.
Emerging experimental and clinical data indicate that G protein-coupled receptors have a crucial role in cancer progression and metastasis (42) . Among these, FPR increases the phosphorylation of the epidermal growth factor receptor intracellular receptor tail, transactivating the receptor and supporting tumor progression (43) . Although FPR antagonists have been investigated mostly for their putative role as anti-inflammatory agents (44), they may be promising as anticancer agents. The combined abilities of RERF to inhibit both FPR and VnR suggest that this prototype inhibitor may prove useful in tumor targeting and anticancer therapies.
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